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INTRODUCTION
Electricity generation currently accounts for 40% of primary energy consumption in the U.S. 1 and over the next 25 years is projected to increase more than 50% worldwide.
2 Electricity continues to be the fastest growing form of end-use energy. Power electronics are responsible for controlling and converting electrical power to provide optimal conditions for transmission, distribution, and load-side consumption. Estimates suggest that the fraction of electricity processed through some form of power electronics could be as high as 80% by 2030 (including generation and consumption), approximately a twofold increase over the current proportion.
3 Development of advanced power electronic devices with exceptional efficiency, reliability, functionality, and form factor will provide the U.S. with a competitive advantage in deployment of advanced energy technologies. Additionally, widespread integration of innovative converters offers substantial energy saving opportunities both directly, by inherently more efficient designs, and indirectly, by facilitating higher levels of adoption for fundamentally higher performing applications and technology solutions.
Technical Opportunity
Achieving high power conversion efficiency requires low-loss power semiconductor switches. Today's incumbent power silicon (Si) based switch technology includes metal oxide field effect transistors (MOSFET), IGBTs and thyristors. Silicon power semiconductor devices have several important limitations:
• High Losses: The relatively low silicon bandgap (1.1 eV) and low critical electric field (30 V/μm) require high voltage devices to have substantial critical thickness. The large thickness translates to devices with high resistance and associated conduction losses.
• Low Switching Frequency: Silicon high voltage power MOSFETs require large die areas to keep conduction losses low. Resulting high gate capacitance and gate charge produce large peak currents and losses at high switching frequencies. Silicon IGBTs have smaller die than MOSFETs due to utilization of minority carriers and conductivity modulation, but the relatively long lifetime of minority carriers reduces the useful switching frequency range of IGBTs.
• Poor High-Temperature Performance: The relatively low silicon bandgap also contributes to high intrinsic carrier concentrations in silicon-based devices, resulting in high leakage current at elevated temperatures. Temperature variation of the bipolar gain in IGBTs amplifies the leakage and limits the maximum junction temperature of many IGBTs to 125°C. Figure 1 illustrates the opportunity space associated with silicon performance limitations. As switching frequency increases, converter power is reduced. In practice, high power silicon systems operate at low frequencies (<10 kHz). This translates to larger passive components (e.g. inductors, capacitors) which increases volume and weight. Wide band-gap (WBG) systems can be operated at higher power and higher frequency within the space silicon devices cannot.
As a result, new opportunities for higher efficiency have emerged with the development of WBG power semiconductor devices, driven by the fundamental differences in material properties between Si and semiconductors such as Silicon Carbide (SiC) and Gallium Nitride (GaN). Higher critical electric fields in these WBG materials (≥ 2 MV/cm) enable thinner, more highly doped voltage-blocking layers, which can reduce on-resistance by two orders of magnitude in majority carrier architectures (e.g., Metal Oxide Field Effect Transistors, MOSFETs) relative to an equivalent Si device. 4 Moreover, high breakdown electric field and low conduction losses mean that WBG materials can achieve the same blocking voltage and on-resistance with a smaller form factor. This reduced capacitance allows higher frequency operation compared with a Si device. The low intrinsic carrier concentration of WBG materials enables reduced leakage currents and robust high-temperature performance. WBG semiconductors therefore provide a pathway to more efficient, lighter, high temperature capable (reduced cooling requirements), and smaller form factor power converters. However, to unlock the potential of WBG based devices, intensive and systematic R&D efforts need to take place at every stage of the power electronics value chain, as depicted in Figure 2 . 
Application Space
High impact opportunities exist across a variety of applications, including:
Motor Drives: Across all sectors, electric motors account for approximately 40% of total U.S. electricity demand. 5 It is estimated that 40-60% of currently installed electric motors could benefit from variable frequency drives (VFDs), 6 which enable efficient adaptation to speed and torque demands. Depending on the application, incorporation of VFDs can reduce energy consumption by 10-30%. 7 Conventional VFDs for high power applications are bulky and occupy significant space. Size, power density and efficiency can be improved, and the overall system cost reduced, by using WBG-based VFDs.
Automotive: Power electronics such as traction inverters, DC boost converters, and on-board battery chargers are critical elements in hybrid and electric vehicles (EVs). They affect energy efficiency in two ways: directly through switching and other losses, and indirectly by adding volume and weight to the vehicle. WBG inverters can reduce both direct and indirect losses by operating at higher switching frequencies, efficiencies, and temperatures. 8 As a result, 15% improvement in energy efficiency has been predicted for representative hybrid EVs employing SiC traction inverters, with even larger energy savings possible given greater degrees of drivetrain electrification. 9 Assuming aggressive market adoption of EVs in the U.S., use of WBG vehicle power electronics could save as much as 1 quadrillion Btu of energy per year by 2050 relative to conventional Si-based systems. 10 Additionally, efficient, lightweight, and low-cost DC fast charging infrastructure (≥120 kW) enabled by WBG converters will advance the commercial viability and adoption rate of EVs. In conjunction with a cleaner electricity generation portfolio, this has the potential to significantly reduce the one quarter of total U.S. greenhouse gas emissions that stem from the transportation sector.
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Data Centers: Energy consumption in data centers accounted for approximately 2% of total electricity use in the U.S. in 2014. 12 The power delivery architecture of most modern data centers consists of a line frequency transformer, low voltage power distribution network, centralized backup unit, and inefficient voltage regulators. 13 Strategies to improve energy efficiency range from integration of lower loss power converters to complete redesign of the power delivery network.
14 The latter approach often involves converting higher voltages at the rack level, where space is limited and proper thermal management is imperative. High power density converters based on WBG devices can be key enablers for more efficient systems, as higher temperature tolerance can reduce cooling loads and further boost data center grid-to-chip efficiency.
Aerospace: Longer, thinner, and lighter wings can reduce fuel consumption and carbon emissions by 50% relative to current commercial aircraft.
15 Such a reduction would save approximately 1 quadrillion Btu of energy per year across the U.S. fleet at current demand. 16 Achieving this transformative wing design requires electromechanical actuators that are small and lightweight with robust operation over a wide temperature range. 17 Moreover, electrification of environmental controls, fuel pumps, brakes, and de-icing systems can further reduce weight and increase efficiency through elimination of bleed air controls and pneumatic/hydraulic systems.
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WBG-based converters, with high gravimetric and volumetric power density plus high temperature operation, offer a pathway to achieving significant energy savings in air transport. These key attributes will contribute to weight reduction, enabling new paradigms in body design.
Distributed Energy Resources:
In grid applications, such as solar photovoltaic (PV) and wind, as well as the emerging fields of high voltage direct current (HVDC) and flexible alternating current transmission systems (FACTS), power conditioners are required to control the flow of electricity. This is achieved by supplying voltages and currents in a form that is optimally suited to the load. Traditional Si power electronics are responsible for a loss of approximately 4% of all of the electricity generated in these applications and are the dominant point of failure for installed systems. For instance, a typical maximum conversion efficiency for a silicon-based PV inverter is approximately 96% (AC output/DC input) 19 including transformer losses, which drops significantly at operating temperatures above 50 °C. Novel WBG electronic circuits present a route to lower system-level costs by operating at higher switching frequencies that reduce the size of passive components and lower the overall system footprint. In addition, WBG circuits will increase system-level efficiency by allowing PV arrays to operate at higher voltages (e.g. > 1,500V DC ). This will enable DC systems with fewer voltage conversions/transformers, replacing traditional combiner boxes with DC/DC converter. The need for on-site AC transmission lines will ultimately allow for easier integration of energy storage solutions in the central substation. Together with a higher semiconductor operating temperature, the advantages of WBG electronics offer a pathway to more robust power converters with mean time to failure (MTTF) comparable to the PV and wind system lifetime (typically 25 years or longer). This will lower the equipment replacement cost and total plant Operation & Maintenance and can have a significant impact on the levelized cost of electricity in distributed resource applications. 
EVOLUTION OF ARPA-E'S FOCUSED PROGRAMS IN POWER ELECTRONICS
ARPA-E has catalyzed innovations in power electronics ever since its inception in 2009. The exploration began with OPEN 2009 projects in GaN materials as well as packaging for automotive and LED applications. In 2010, ARPA-E launched its first focused program in power electronics, Agile Delivery of Electric Power Technology (AD-EPT), which cast a broad net for innovations in power conversion. ADEPT sought breakthrough technologies in magnetic materials with high operating flux densities, advanced solid-state switch technologies, advanced circuit topologies and converter architectures, and advanced charge storage devices. A year later, Solar ADEPT was launched to bring the general approach of ADEPT to PV power electronics. The successes in ADEPT and Solar ADEPT, along with four WBG related projects in OPEN 2012, showed that WBG semiconductor devices held exceptional potential in dramatically improving energy efficiency, broadening the application space of power electronics. Therefore, ARPA-E initiated the Strategies for Wide-Bandgap, Inexpensive Transistors for Controlling High-Efficiency Systems (SWITCHES) program with a focus on material-(e.g. GaN substrates) and device-level technologies (diodes and transistors). The experience and lessons learned from SWITCHES have revealed the need for further exploration both further up and down the value chain. Down the value chain, the major obstacle experienced by many SWITCHES project teams was selective area p-type doping of GaN. This initiated the Power Nitride Doping Innovation Offers Devices Enabling SWITCHES (PNDIODES) program, a supplementary program that would seek the fundamental understanding of material properties and processing technologies for selective area doping of GaN. Up the value chain, ARPA-E recognized the opportunities that harness recent advancements at the component level for transformational developments at the circuit and system levels. 
ADEPT Broad Exploration of Power Electronics Landscape

BROAD EXPLORATION OF POWER ELECTRONICS LANDSCAPE -ADEPT
In 2010, the ADEPT program set out to lower the cost and improve performance of power converters and associated management systems. The program sought innovations across the entire value chain in power electronics from advanced component technologies and converter architectures, to packaging and manufacturing processes. The program aimed to address three categories of performance and integration levels: 1) fully-integrated, chip-scale power converters, 2) package-integrated power converters, and 3) lightweight, medium voltage energy conversion for high power applications. The original program areas of interest included magnetic materials with high operating flux densities, advanced solid-state switch technologies, advanced circuit topologies and converter architectures, and advanced charge storage devices. The most successful projects in the ADEPT program were those that utilized WBG components.
One example of a successful project is the development of a SiC-based EV battery charger, led by Arkansas Power Electronics International (APEI). The project was titled "10 times smaller EV charger using SiC based power transistors", and APEI later won a 2014 R&D100 award. 20 On-board battery chargers for EVs and plug-in hybrid electric vehicles (PHEV) such as the Toyota Prius offer the convenience of universal charging from any available power outlet, but this functionally adds additional volume and weight to the system. WBG power electronics based chargers can enable operation at higher switching frequencies as well as elevated temperatures, thus allowing for a more compact system size/weight via reductions in passive component sizes as well as simplification of the thermal management system.
The APEI team designed a two-stage architecture with topologies that optimized for system density and efficiency. This leveraged the benefits of SiC power devices over traditional Si power diodes into significant system level improvements. In the first stage AC-DC converter, a bridgeless boost power factor correction (PFC) topology was chosen. This capitalizes on the negligible reverse recovery current of SiC devices over Si power diodes, resulting in performance advantages especially at frequencies in excess of 100 kHz. The second stage was a DC-DC converter utilizing a phase-shifted full-bridge (PSFB) topology. This took advantage of the low output capacitance, high voltage blocking capability, and stable on-resistance at elevated temperatures of SiC devices for greater overall converter performance. the 2010, Si based Toyota Prius plug-in battery charger. At the highest tested peak power level of 6.1 kW the system efficiency was 94%, with an overall peak efficiency of 95% at an output power of 3.1 kW. This is a clear demonstration of the added value that WBG power electronics provides for automotive technologies.
Two ADEPT projects investigating the potential of GaN devices were also able to make tremendous advancements. Transphorm's project "High Performance GaN HEMT modules for Agile Power Electronics" aimed to develop kW class inverters with greater efficiency and power density than incumbent Silicon based Insulated Gate Bipolar Transistor (IGBT) motor drives. To achieve this, the team had to overcome material challenges associated with the epitaxial growth of GaN on 6-inch Si with low defect density, fabricate GaN-on-Si High Electron Mobility Transistors (HEMTs), and demonstrate improved power module performance over the state of the art Si IGBTs.
Transphorm developed 600V normally-on HEMTs and achieved enhancement mode, or normally-off, operation by integrating a Si FET in a cascode configuration. 22 Under resistive load switching, an inverter using the 600V GaN e-mode HEMTs hard switched at 100 kHz PWM frequency and demonstrated 98.5% efficiency. When evaluated in a motor drive test lab side to side with a Si IGBT-based motor-drive inverter operating at 15 kHz PWM frequency, the GaN inverter showed 8, 4, and 2% improvement in efficiency at low, mid, and full loads (roughly 500, 1000, and 1500 W) respectively operating at 7x higher PWM frequency 23 . In 2015, Transphorm, Inc. announced that its 600V GaN transistor has been fully Joint Electron Device Engineering Council (JEDEC) qualified and is slated for mass production in an industry standard TO-247 size package. 24 The ADEPT project led by the Massachusetts Institute of Technology took a broader approach to the challenge and addressed three areas needed to improve power conversion: switching devices, inductors, and circuit design in their work on a novel GaN device, with an application focus on power converters for driving light emitting diode (LED) loads. In the device arena, MIT pioneered a tri-gate normally off metal-insulator-semiconductor field-effect transistor and demonstrated it with a breakdown voltage of 565 V at a drain leakage current of 0.6 uA/ mm 25 . In parallel, MIT also developed novel circuit topologies that leveraged wide-bandgap power electronics to break the performance constraints of commercially available systems. An LED driver employing a new power conversion architecture for single-phase AC grid interfaces was developed. The driver operated from 120 V AC , while supplying a 35 V, 30 W output. Operating at a variable switching frequency of 5-10 MHz with an efficiency of >93%, the converter had a power factor of 0.89 with an overall box power density of 2.7 W/cm 3 . For comparison, commercial LED drivers typically operate in the 50-100 kHz frequency range, with maximum efficiencies around 88% and power densities <1.0 W/cm 3 .
The technologies and related IP developed at MIT is now being commercialized at several different start-ups. The circuit design concepts developed during ADEPT and lessons learned informed the design of a new laptop charger now being commercialized by FINsix, a MIT spin-out. The charger -named DART -is a 65 W charger that is 3 times smaller and lighter than conventional chargers. FINsix and Lenovo are currently in a partnership to make the smaller charger available for select ThinkPad models. Another MIT spinout -Cambridge Electronics -was started by students whose research was funded by ADEPT and are offering state-of-the-art GaN devices for sale. The company has received numerous awards including the Massachusetts's MassVentures Start Award as well as the 2016 Compound Semiconductor Industry Award. 
Solar ADEPT Solar Photovoltaics Applications
SOLAR PHOTOVOLTAICS APPLICATIONS -SOLAR ADEPT
Solar ADEPT held similar aspirations to ADEPT but specifically focused on packaging and manufacturing processes for power converters to reduce costs for photovoltaic systems. Similar to ADEPT, Solar ADEPT aimed to address technical challenges at different performance and integration levels, from chip-scale all the way to utility-scale. Tailored for the solar PV application space, Solar ADEPT defined its technical targets into four categories: 1) fully-integrated, chip-scale power converters for sub-module applications, 2) package-integrated microinverters with reduced size and improved performance, 3) lightweight inverters for commercial roof-top and wall-mount applications, and 4) lightweight, solid-state, medium voltage energy conversion for high-power applications such as utility-scale inverters with direct grid connection.
In their "Bidirectional GaN-on-Si transistors for more compact and reliable power converters" project Transphorm aimed to develop GaN-on-silicon based four quadrant switches for residential and commercial solar micro-inverters. Most silicon based switches, with the exception of the triode for alternating current (TRIAC), block voltage only in one direction when gated off -and are thus unidirectional. Bidirectional switches -also called four quadrant switches (FQS) -that allow current flow in both directions when on would enable many new circuit topologies and applications. Building upon their expertise and experience from the ADEPT program, Transphorm demonstrated high voltage (both 600 V and 1200 V) FQSs with maximum switching frequencies > 25 MHz for a 400 V bus. The single monolithic GaN FQS, replacing four discrete Si devices, enabled a 4% improvement in converter efficiency at low power and 0.2% improvement at full power, approximately a 50% lower power device loss.
The ADEPT and Solar ADEPT program successes were significant in advancing commercial applications of SiC and GaN devices. However, SiC and GaN device technology remained immature relative to Si and carried a substantial cost premium, limiting their widespread adoption . Many of the largest opportunities for increased energy efficiency and reduced energy-related emissions exist in extremely cost conscious industries, including markets for railway traction drives, automotive applications, and industrial motors. Unit cost for equivalent functional system performance remains a major barrier to the widespread adoption of WBG devices, despite opportunities related to their superior attributes (including reductions in system costs).
SWITCHES Wide-Bandgap Materials and Devices
WIDE-BANDGAP MATERIALS AND DEVICES -SWITCHES
Analysis of market drivers showed that accelerating the commercial uptake of more efficient approaches enabled by WBG devices requires driving down the costs of the components. This led to the creation of the Strategies for Wide Bandgap, Inexpensive Transistors for Controlling High-Efficiency Systems (SWITCHES) program. The SWITCHES program was aimed at transformational advances that address key materials, device fabrication, and device architecture issues that drive costs for SiC and GaN devices, as well as to evaluate ultra-wide-bandgap (UWBG) materials such as a diamond. The goal was to enable the development of high voltage (>1,200V), high current (100A) single die power semiconductor devices that, upon ultimately reaching scale, would have the potential to reach functional cost parity with Si power transistors. Additionally, they would offer breakthrough relative circuit performance through low losses, high switching frequencies, and high temperature operation. These transformational technologies would have promise to reduce the barriers to ubiquitous deployment of lowloss WBG power semiconductor devices in stationary and transportation energy applications. From a cost basis perspective, the barrier to market entry needs to be competitive. Low current silicon switching devices (<50A) can be purchased as low as ȼ5/A 26 . However, this is not the case for high current applications. The SWITCHES cost target for WBG packaged devices was ȼ10/A for a 100A device, which would make them competitive with the best silicon IGBT devices in the same class.
The SWITCHES program has made tremendous advances in SiC device fabrication. In their project "Lower cost SiC manufacturing using existing low-cost, high-volume silicon manufacturing" Monolith Semiconductor, Inc. was able to made great strides in developing large-area, high-voltage, SiC devices. Before the SWITCHES program, planar and vertical SiC MOSFET power devices were limited in availability and were typically fabricated in relatively low volume at dedicated facilities that utilized unique process steps. This resulted in high cost and prohibitively expensive devices. Monolith Semiconductor partnered with XFab Inc., an automotive qualified Si Complementary Metal-Oxide Semiconductor (CMOS) manufacturing foundry, to develop and implement an advanced SiC power MOSFET process on their 150mm diameter silicon production line. Working in an active Si foundry provides significant cost benefits. Using an existing Si manufacturing infrastructure, the overhead costs to manufacture SiC devices can be reduced. The innovation in Monolith's approach centered on adopting commercially available 150mm SiC wafers and designing SiC devices and fabrication processes that are compatible with existing, high-volume Si manufacturing facilities. 27 This allows for highly competitive products, rapidly deployed in the market. Monolith successfully demonstrated fabrication of MOSFETs on XFab's production line with blocking voltage of 1700V and a specific on-resistance as low as 3.1 mΩ-cm 2 at room temperature, increasing to 6.7 mΩ-cm 2 at 175°C. Clamped inductive switching characterization of the SiC MOSFETs showed turn-off losses as low as 110 µJ. After 750 hours of gate stress at a gate bias of V GS =+20V and 175°C, only a 250mV shift in the threshold voltage was observed 28 . Design changes and processes improvements increased the production line yield of the devices to commercially acceptable levels which illustrated the promise for high-volume production of reliable SiC MOSFETs on 150mm wafers. The company anticipates to reach ȼ10/A for their devices in the near future.
The SWITCHES program also made significant advances in GaN device design and fabrication. Before the SWITCHES program, the majority of GaN power device development had been directed toward lateral architectures, such as high-electron mobility transistors (HEMTs). There were no vertical GaN devices commercially available. The lateral devices suffered from well-known issues such as current-collapse, dynamic on-resistance, inability to support avalanche breakdown 29 , and usable breakdown voltages of no greater than 650V. Vertical devices on the other hand offer the possibility to realize the potential of GaN including true avalanche-limited breakdown. Two projects in the SWITCHES program (Avogy, Inc. and Cornell University) were able to demonstrate near theoretical, high-power vertical GaN diodes exhibiting very high breakdown voltages (1700 -4000 V) and figures-of-merit (V B 2 /R ON ) greater than 3 GW/cm 2 . 30, 31 The SWITCHES sponsored researchers demonstrated that vertical GaN devices are avalanche capable 32 indicating the ruggedness of such devices in breakdown, a critical requirement for power switching and rectifying applications. The pathway towards achieving ȼ10/A for GaN devices was shown to be promising. Projects funded by SWITCHES have demonstrated 80% process yield for 100A, 1200V p-n junctions. With the current cost of 4" GaN wafers and a die size of 12-16 mm 2 for a 100A, 1200V device, vertical GaN devices should be capable of reaching the price range of ȼ5/A to ȼ7/A.
Normally-off vertical transistor devices have been more challenging to fabricate compared to diodes, especially at high current levels, due to the requirement of selective area doping in many vertical device architectures. Attempts at selective area doping in vertical GaN devices in the SWITCHES program resulted in devices with large junction leakage currents, lower than breakdown voltages expected, and avalanche breakdown ruggedness not demonstrated. This is the major challenge faced by the SWITCHES projects with vertical GaN architectures. To overcome the selective area doping limitation in GaN two SWITCHES projects have investigated unique vertical GaN device designs that reduce or eliminate the need for selective area doping. The University of California, Santa Barbara demonstrated one such novel vertical GaN devices to achieve both low on-resistance (R ON ) and enhancement mode operation in a vertical GaN device called an "in-situ oxide, GaN interlayer-based vertical trench MOSFET" or OG-FET. In the traditional trench MOSFET structure, a dielectric is deposited on an n-p-n trenched structure and the channel forms via p-GaN inversion at the dielectric/p-GaN interface. However, this results in a relatively high R ON due to poor electron mobility in the channel. By changing the structure to include a metal-organic chemical vapor deposition regrown un-intentionally doped GaN interlayer followed by an in-situ, Al 2 O 3 dielectric cap on the n-p-n trenched structure, a pathway (channel) for enhanced electron mobility is created, resulting in reduced resistance. The normally-on OG-FETs fabricated by UCSB demonstrated a threshold voltage of 2V, breakdown voltages of 990 V (E BR ~ 1.6 MV/cm), and an R ON of 2.6 mΩ-cm 2 .
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The SWITCHES project led by Columbia University "High-performance, low-cost vertical GaN devices through smaller devices and GaN substrate re-use" demonstrated a GaN vertical fin power field-effect-transistor structure (VFET) on bulk GaN substrates that addresses the selective area doping limitation of conventional power vertical GaN transistor device structures. The VFET, shown in Figure 5 , consists of fin-shaped channels etched into an 8-μm-thick n-doped GaN drift layer using a combined dry/wet etching technology to achieve smooth fin vertical sidewalls. 36, 37 Additionally, the SWITCHES program has made advances in the area of epitaxial lift-off of GaN materials. Two SWITCHES projects by the MicroLink Devices and Columbia University teams focused on GaN substrate re-use and thinning. These projects d e m o n s t r a t e d large area (>2") layers released from bulk GaN wafers by epitaxial liftoff and spalling without damage to the lifted off layer. The MicroLink Devices project "High-performance, low-cost vertical GaN devices through smaller devices and GaN substrate re-use" demonstrated wafer-scale epitaxial lift-off (ELO) using an InGaN release layer and a bandgap-selective photo-enhanced wet etching to fully released a GaN foil from 2-inch bulk GaN substrate as shown in Figure 6 . 38 Perforations spaced at 1mm apart were used to allow for the wet chemical etch access to the InGaN release layer. The leakage current in both reverse and low-forward-bias regimes for thin-film Schottky diodes was reduced after ELO processing. This is potentially due to the elimination of leakage paths through the underlying n+ buffer layer that is removed in the ELO process. 39 On the bulk (free standing) GaN substrate development side, Soraa Inc. developed, in their OPEN 2009 and SWITCHES projects, a large diameter ammonothermal reactor capable of more than 600ºC operation and a pressure greater than 3,000 atmospheres in order to grow bulk GaN crystals. 40 The ammonothermal GaN crystal growth method is adapted from the hydrothermal method used to grow quartz crystals, which are very inexpensive and represent the second-largest market for single crystals for electronic applications (after silicon). Soraa successfully demonstrated growth of GaN crystals that are over two inches in diameter at a rate of at least 10 microns per hour, and the fabrication of 2 inch GaN wafers from the crystals (Figure 7) . 41 The wafers met Soraa's target specifications for LED crystal quality, dopant levels, dislocation density, miscut, and surface roughness. Soraa has also shown that with additional processing steps, they have the ability to make wafers with a dislocation density less than 1x10 4 cm -2 , a breakthrough that will enable higher-performing power electronics devices with a breakdown field greater than 3 MV/cm for GaN.
In the SWITCHES program advances were similarly achieved in the UWBG material diamond. SWITCHES projects focusing on diamond by Arizona State University and Michigan State University have demonstrated thick (>1mm) diamond growth by CVD and doping of diamond with >10 20 cm -3 boron and phosphorous for p+ and n+ layers, respectively. Using the advances in diamond growth Schottky and p-n didoes with >1000V blocking and 100-500 A/cm 2 forward current were demonstrated. 42 , 43 These achievements have yet to reach program targets, but are nonetheless foundational in the pursuit of ultra-wide-bandgap semiconductor devices.
The projects in the SWITCHES program have made tremendous advances in materials development, vertical device architecture, and low cost device fabrication. The SWITCH-ES program set out to achieve three key aggressive targets: 1200V breakdown, 100A single-die current, and cost of packaged discrete device of no more than ȼ10/A. The program is drawing to a close by the end of 2017 and while no project has yet to achieve all the targets of the program, the portfolio of projects are well underway to achieving these targets communally. 
PNDIODES Addressing Material Challenges
ADDRESSING MATERIAL CHALLENGES -PNDIODES
Many SWITCHES project teams experienced a major obstacle in fabricating vertical GaN power electronic devices specifically the lack of viable GaN selective area doping or selective area epitaxial regrowth processes that yields material of sufficiently high quality to enable defect-free p-n junctions on patterned GaN surfaces. An example is shown in Figure 8 . In GaN selective area p-type doping has proved elusive, because the most obvious approaches, such as laterally patterned ion implantation with activation or selective area diffusion of p-type dopants (e.g. Mg, Be, Zn), have not produced p-type regions or satisfactory p-n junctions. Furthermore, selective area etch and regrowth approaches have resulted in poor electrical performance not sufficient to be useful in power electronic applications. A breakthrough is needed to enable high performance vertical GaN transistors. This specific remaining challenge to the SWITCHES program prompted the announcement in late 2016 of the Power Nitride Doping Innovation Offers Devices Enabling SWITCHES (PNDIODES) program. The PNDIODES program aims to develop transformational advances and mechanistic understanding in the process of selective area doping in the III-Nitride wide-bandgap semiconductor material system. The expectation is this will lead to the demonstration of arbitrarily placed, reliable, contactable, and generally usable p-n junction regions that enable high-performance and reliable vertical power semiconductor devices.
Seven projects were selected for funding as part of the PNDIODES program. The project teams will work to develop transformational advances and mechanistic understanding in the process of selective area doping for GaN using innovative technologies. Projects led by Arizona State University, Sandia National Laboratories, and Yale University, will focus on selective area doping using patterned etch and regrowth technology. They will attempt to obtain a deep understanding of the process, including various etching methods, interface impurity control, and the effect of crystal growth direction. Projects led by Adroit Materials, JR2J, and State University of New York Polytechnic Institute, will focus on selective area doping using ion implantation and innovative annealing, or heat treatment. This will include processes such as laser spike and Gyrotron annealing to remove implantation damage and activate the dopants. The remaining project led by the University of Missouri will focus on the development of neutron transmutation doping, exposing GaN wafers to neutron radiation to create a stable network of dopants within, to fabricate a uniformly doped n-type GaN wafer to achieve low resistance substrates.
The Department of Energy and Department of Defense have identified power electronics based on wide-bandgap semiconductors as a major area of concern for energy efficiency and the reduction in size and weight, as well as improvement in the reliability of power conversion systems. Success in the PNDIODES program would offer innovative options to help drive research, development, and commercialization of vertical GaN power electronic devices. 
CIRCUITS
System-Level Advances
SYSTEM-LEVEL ADVANCES -CIRCUITS
Previous efforts by ARPA-E have primarily focused on WBG material and device development without focused consideration and redesign of the circuit topology. Such solutions do not fully exploit the potential performance improvements enabled by this new class of power semiconductor devices. The circuit design is critical to the large-scale implementation of more efficient WBG power systems as a result of their ability to operate at high voltage, high frequency, and high temperature. For WBG power electronics devices, their benefits will not be fully realized if they are treated as drop-in replacements for Si devices. Instead, new circuit topologies and designs are needed that take full advantage of the attributes of the WBG semiconductor devices, resulting in minimization of form factor, cooling systems, and auxiliary circuit components. The Creating Innovative and Reliable Circuits Using Inventive Topologies and Semiconductors (CIRCUITS) funding opportunity announcement released in early 2017 seeks to accelerate the development and deployment of a whole new class of efficient, lightweight, and reliable power converters based on WBG semiconductors. The program will drive transformational system-level advances that enable effective operation at high switching frequency, high temperature, and low loss. With an explicit focus on novel circuit topologies, advanced control and drive electronics, as well as innovative packaging, CIRCUITS aims to catalyze disruptive improvements for power electronics afforded by cutting edge materials such as WBG semiconductors. Such technological breakthroughs would catalyze the adoption of higher performance power converters in various critical applications such as motor drives, automotive, power supplies, data centers, aerospace, ship propulsion, rail, distributed energy, and the grid. This will enable significant direct and indirect energy savings and emissions reductions across electricity generation, transmission and distribution, and load-side consumption.
Twenty-one innovative projects were selected for funding as part of the CIRCUITS program. The project teams will accelerate the development and deployment of a new class of circuit topologies optimally designed for WBG semiconductors to maximize system performance that will save energy and give the United States a critical technological advantage in an increasingly electrified economy. CIRCUITS projects will establish the building blocks of this class of power converter by advancing higher efficiency designs that exhibit enhanced reliability and superior total cost of ownership. In addition, a reduced form factor (size and weight) will drive adoption of higher performance and more efficient power converters relative to today's state-of-the-art systems. Some examples of the projects include:
The Eaton Corporation will develop and validate a wireless-power-based computer server supply that enables distribution of medium voltage (AC or DC) throughout a data center and converts it to the 48 VDC used by computer servers. The Eaton team has targeted the data center sector, as it is quickly becoming a major consumer of electricity in the United States. If successful, project developments will reduce U.S. data center energy consumption and operating cost while creating a high-volume commercial market for SiC-based power converters.
Marquette University will develop a small, compact, lightweight, and efficient 1 MW battery charger for electric vehicles with a switching frequency of 1Mhz. The team aims to use state-of-the-art MOSFET switches based on SiC to ensure the device runs efficiently while handling very large amounts of power in a small package. This project endeavors to triple the current state-of-the-art in power density and double specific power of chargers today. If successful, such a device could help to dramatically reduce charging times for big batteries, like those in electric vehicles, to a matter of minutes.
University of Arkansas will develop a 2 by 250 kW power inverter system for use in the electrification of heavy equipment and other higher volume transportation applications (e.g., trucks, buses, cars). The team will leverage SiC power electronics devices to achieve high levels of efficiency while greatly increasing the volumetric and gravimetric power density of its system over existing ones. If successful, the team will achieve an improvement of four times the power density and reduce converter cost by 50% compared to today's technology.
IMPACTS
ARPA-E's sustained exploration in WBG-based power electronics has helped foster a vibrant ecosystem in WBG R&D. Prior to ARPA-E PE programs, the Department of Defense 44 spearheaded R&D efforts in WBG semiconductors for defense applications. For civilian applications, several DOE offices, including the Energy Efficiency and Renewable Energy (EERE), Advanced Manufacturing Office 45 (AMO), the Office of Electricity Delivery and Energy Reliability 46 , and the Vehicle Technologies Program 47 , are now also working to bring WBG devices closer to widespread adoption. As of February 2017, ARPA-E has awarded 57 projects related to power electronics, totaling almost $155 million in federal funding. Together, ARPA-E power electronics projects have published 141 peer reviewed technical papers that have been cited 2,204 times, and have been awarded 26 patents. Nine teams have cumulatively raised almost $386 million in publicly reported funding from the private sector to bring their technologies into commercial applications.
ARPA-E's focus is for transformational change within technology to bridge the gap between the laboratory and follow on funding from private investment companies. Often, follow on funding will come from other DOE Program Offices when the next phase of development still has some risk associated with it. For example, two programs associated with the EERE SunShot Initiative that include PV power electronics development to enhance energy efficiency are the 2011 program Solar Energy Grid Integration Systems -Advanced Concepts, $25.9M, and the 2015 program, Sustainable and Holistic Integration of Energy Storage and Solar PV (SHINES), $15M. Both program FOAs reference ARPA-E and its associated projects in the field of power electronics as influencing the aim and scope of the activities.
In 2014, the AMO set up Power America as a manufacturing innovation institute to accelerate the development of next generation of energy-efficient, high-power electronic devices using wide-bandgap semiconductor technologies. One of the active members Power America was X-FAB Inc. X-FAB has established a 150mm Silicon Carbide foundry line in Lubbock, Texas with the support from the PowerAmerica Institute. X-FAB's goal is to accelerate the commercialization of SiC power devices by leveraging the economies of scale that have been established in its silicon wafer fabrication line. In parallel, Monolith Semiconductors Inc., of Round Rock, Texas received funding from ARPA-E through the SWITCHES program to design their next generation SiC diodes and MOSFETs. By partnering with X-Fab Inc., they were able to establish a pathway to manufacture their devices adopting a "fab-less" production model. In March 2017, Littelfuse Inc., a leading manufacturer of electrical circuit protection equipment based in the USA, made an incremental $15M investment in Monolith Semiconductors Inc., which gave it a majority ownership position in the company.
In 2015, AMO launched the Next Generation Electric Machines: Megawatt Class Motors programs, and awarded $22M to five projects aimed at emerging WBG technologies focused on advancements in large-scale motor control to increase efficiency in high-energy consuming industries. Previous ARPA-E awardee GE is one of the award recipients in this program. To build capability in the field of WBG power electronics, AMO also launched a $6M program in 2015 to improve capability in the US workforce, the DOE Traineeship in Power Engineering; Leveraging Wide-Bandgap Power Electronics 48 .
CONCLUSIONS
Despite the remarkable advancements in WBG semiconductors, significant work still remains to realize the full potential of WBG materials in improving energy efficiency. As mentioned above, fundamental research into material properties and processing, and continued development up the power electronics value chain into circuits and systems, are vital steps in ensuring that America can maintain its technological lead in these promising materials, and reap the energy benefits through wide-ranging applications. Small 3D chip integrating GaN-on-Si and high-frequency soft magnetic material for power conversion. 
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